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ABSTRACT
Co
-20Cr-llN1-8Mo powders with dispersions of 0 to 6v/o
Th02 , CaO or Y203
 were made by the method of spray drying
and selective reduction. Compacts were extruded and then
worked by swaging. Only Th02
 gave a good dispersion with
mean diameters from 110 t-o 2801 and planar interparticle
spacings from 12181 to 25307.. Exposure at 1185 °C for
100 hours increased the mean diameters about 601. Despite
the dis persions, rupture lives at 1095 0C were poor. Defor-
ma':ion-anneal processing made little improvement. Low
strengths and poor fabricability were attributed to the matrix
transformation from fee to hep at strains gr
.-,ater than 10%.
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I. SUMMARY
Oxide-strengthened Co-2OCr-llNi-8Mo alloys were prepared and
investigated. Initially, Th02 and CaO were used as dispersoids .
Later, Y203 was substituted for the CaO when it became apparent
that good dispersions were not being obtained with the CaO.
Alloys were prepared with 0, 2 0
 4 and 6 v/o of each dispersoid.
Metal powders of the appropriate compositions were prepared by
selectively reducing mixed oxides which were formed from a
spray- - dried mixture. The dried r , j.;c.turc was obtained from an
aqueous solution of all the alloy components. Laboratory
;investigation established raw materials, solution preparation
methods, purification procedures, reduction conditions, and
factors regulating ThO 2 size. Extrusion and metalworking
procedures were established after scale-up of the powder process.
Pilot-scale processing conditions were selected on the basis
of the laboratory results. Alloys containing Th0 2 were spray
dried as oxalates, those containing CaO or Y203 were dried as
formates. Subsequent processing was similar for both lots.
Dried powders were fired in air at 350 0C to decompose the more
volatile compounds and form the oxides. An additional 700°C
air firing was used to lower the sulfur and carbon and stabilize
the dispersoid. The oxides were reduced in hydrogen at 1200°C
for times sufficient to lower the f-'	 oxygen a) 	0. 3^•ee 	a^	 or
less. The powder was isostatically pressed at 40ksi, sintered
at 1200°C for 3 hours in hydrogen and canned in mild steel
prior to extrusion. Two billets of each composition were
extruded to round bar at 960°C and a ratio of 12.
The extrusions were evaluated for chemical, mechanical, physical
and microstructural properties. Purity was good. Notably,
free oxygen was typically less than 1000ppm;.'
(a) Free-oxygen values, i.e., total oxygen minus oxygen combined
with dispersoid
I
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Electron metallographic techniques were investigated by
Battelle Memorial Institute. They found that the Th02 size
could best be measured by extraction replication. Standard
replication and transmission were also used as needed.
The alloys with Th02
 were the only ones which contained good
dispersions. Median diameters of the Th0 2 ranged from 1701
for the 2 v/o Th02 alloy to 2.101 for the 6 v/o alloy. Heat
#z	 treatment for 100 hours at 0.85 Tm (11850C) increased the
median size to ;651 for the 2 v/o alloy. Planar interparticle
spacings were 1927 0k for the 2v/o alloy and 1414?. for the 6%
alloy.
The high-temperature, stress-rupture strength of the as-
extruded bars was poor. Ten-hour rupture stress at 1090°C
was about 2 ksi. The as-extruded bars with Th02 were swaged.
and given various deformation-anneal treatments. Contrary to
our expectations, there were some strength improvements but
nothing significant. The best material failed after 5.1 hours
at 1090 °C under a load of only 4 ks i .
E
The bars were examined by X-ray diffraction and we found that
the f.cc lattice transforms to an hcp lattice after relatively
small plastic deformations. Thus, we believe we could not
increase the strength of the bars by the usual deformation-
anneal techniques. We recommend future work with a composition
which will eliminate the phase transformation.
k
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II. INTRODUCTION
One of the ways to extend the useful operating temperatures of
nickel- and cobalt- base alloys is by dispersion strengthening
with inert oxides (oxide
g	 y
strengthenin
a	
). The develo ment of
 nickelsuch oxide-strengthened %llo s s TD- 	 and DS - (3^ c el
(Ni-Th02 ) has demonstrated that significant high-temperature
strength improvements can be obtained.
Strength at high temperatures is not the only criteron for the
.3ractical use of the superalloys . Corrosion resistance and
strength at intermediate temperatures are also necessary and
the Ni-ThO2
 alloys are inadequate in both respects.
Second generation oxide-strengthened alloys such as Ni-Mo-
Th02 (495) and Ni-2OCr7ThO2 (e ' 7) have been developed in an
attempt to improve those properties. Both alloys have better
intermediate temperature strengths than Ni-ThO2 and Ni-2OCr-ThO2
has very good oxidation-resistance.
One can hypothesize that if a superalloy such as L•-605, (8
which already has good strength and corrosion resistance,
could be oxide-strengthened, a superior alloy could be achieved.
The present contract was established to investigate that
possibility. The ultimate goal of the contract was to produce
an alloy by oxide-strengthening which could withstand a*load
of 15 ksi for 30-00 hours at 1090°C. The specified matrix
composition was 18-22% chromium, 10-12% nickel, 7-9%
molybdenum and the balance cobalt. Those elements are used
in the same atomic ratios in L-605 except for our substitution
of molybdenum for tungsten, molybdenum being a less dense
element.
-3-
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1Two oxides, Th02 and CaO, were initially selected; both to be
investigated at 0, 2, 4 and 6 volume percent. The specified
microstructural objectives were an average particle size of
less than or equal to 500A and an interparticle spacing of
50001 or less.
To accomplish the above objectives, we used a novel method of
obtaining the oxide dispersion e). Briefly, the process is
as follows. An aqueous solution of all the alloy elements is
atomized and dried by contact with hot gas (spray drying).
The spray-dried mixture is converted to oxide, selectively
reduced, compacted, sintered, densified by extrusion, and then
further worked by rolling or swaging.
Several factors were considered to be of prime importance to
the project. Because of the influence of thermomechanical
processing on the strength of oxide-strengthened alloys (30519-14)
a careful investigation of the deformation-anneal effects
during secondary working was deemed important. The character-
ization of the microstructure by electron metallography was
also considered to be necessary. The stability of both the
matrix and the dispersoid for extended periods at high
temperature was considered to be essential. In that respect,
matrix composition and purity were considered to be very
important.
i
t,
III . PROCESS DEVELOPMENT
A. SOLUTION PREPARATION AND SPRAY DRYING
Experiments were conducted to obtain solutions which con-
tained cobalt, chromium, nickel, molybdenum and either
thorium, calcium, or yttrium. We found that cobalt oxalate,
nickel oxalate, chromium acetate, molybdenum trioxide and
thorium nitrate are all soluble in the proper amounts in a
warm ammonium oxalate solution. The matrix (a) plus calcium
solutions were prepared by dissolving cobalt formate,
chromium formate, nickel formate, molybdenum trioxide, and
either calcium formate or yttrium nitrate in a dilute formic
acid solution. The formate solution was necessary because
the calcium was not soluble in oxalate solutions. Later
yttrium was substituted for the calcium because of
difficulties in obtaining 
E`
good dispersion of CaO.
During upscaling we found that from a purity standpoint it
was desirable to use nickel, cobalt, and chromium nitrates,
molybdenum trioxide, yttrium oxide, calcium oxide, and
thorium nitrate as the basic raw materials. They were then
converted to the proper compound prior to preparing solutions,
All chemical procedures and raw materials analyses are given
in Appendix I.
The solutions were spray_dried in the Nerco-Niro Model A
spray dryer, which is shown in Figure 1. In each case, the
liquid to be dried was pumped into an atomizer head located
in the upper portion of Chamber A and driven at 2+,000 rpm
by motor B. Gases heated to 350 0C by burner C were blown
into the chamber where they contacted the droplets from
F
x
y
(a) The matrix is defined as Co- 2OCr-llNi -8Mo, all elements
being in weight percent. The oxide dispersoids were
added on a volume percent basis
e
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COLLECTION
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`A^^ 1 I	 DRYING
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Figure 1 The apparatus used for atomizing and drying aqueous
solutions  of the alloys. The major components are
(A) the drying chamber, (B) the drive motor for the
atomizer, (C) the gas heater, 	 the cyclone collec-
tor for the dried pr ,wder, and ^
D ^
E
 the removable collec-
tion chamber.
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the atomizer. The resultant powder was entrained in the
exit; gases, separated by the cyclone collector D. and depos-
ited in the removable collection chamber E. The data
pertinent to each s pray-dried powder are given in Appendix
II, Table II-1. Foot number, composition, chemical analysis,
solution and drying conditions, and powder disposition are
given.
B. CONVERSION
Our Work..^prior to this contract had shown that spray-dried
Powders should be converted to oxides prior to reduction
in order to obtain low sulfur and carbon. Therefore,
oxalates of the matrix + Th02
 and formates of the matrix +
CaO were converted to oxides by heating in air for various
times and temperatures according to the schedule of Table I.
The resultant oxides Lrere analyzed for Fisher Sub-Sieve
`' ize ( FSSS) , .specific surface by BET, bulk density, Th02
c rystallite size, crystal Struc ture s spectrographic
qualitative analysis, ,%S, ,%P, %C, %Si.
Some of the oxides were reduced in hydrogen for three hours
at 1100°C as indicated in Table I, and the same analyses
were obtained. The results are discussed in the following
paragraphs.
`typical spectrographic results are given in Table II.
The effect of conversion temperature and time on sulfur
are shown in Figures 2 and 3. Figure 2 shows sulfur vs
conversion temperature for an air-firing time of 3 hours.
The sulfur is stable to 600 0C for oxalates and 800 0C for
formates. Above those temperatures removal becomes rapid,
o.g. at 1000°C the sulfur has decreased to less than 35 ppm
in both oxalates and Formates.
-7-
TIME, HOURS
1 2	 1	 2 3 4
x	 x	 x x x
x
x
x
x	 x x x
x
x x
x x
X
x	 x	 x x x
TEMPERATURE of °C
300
400
500
*600
700
800
goo
1000
*1100
1200
TABLE I
CONDITIONS  FOR INVESTIGATION of CONVERSION  TEMPERATURE
4
4'These samples reduced in hydrogen (-48 °C Dewpoint)for three hours at 11000C.
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TABLE I I
SPECTROGRAPHIC  ©UALITAT IVE ANALYSIS
OF SPRAY-DRIED POWDERS 13 OXIDES*
Element Matrix + ThO
	
Matrix + CaO
h
Al
	
VF
	
VF
Ba	 FT
	
FT
Ca	 T
	
ST
Cu	 FT
	
VF2
FE	 FT
	
T2
Mg	 FT
	
T2
Mn	 VF
	
T2
Pb
	
FT
	
VF
Si.	 T
	
VF
Sr	 FT 
W
	
T
Th
	
S
*Only minor alloy components and impurities are shown.
The major alloy components Co, Cr, Ni, and Mo were also
detected.
VS - Very Strong	 -	 10-100
S - Strong
	 -	 1-10
ST - Strong Trace	 -	 .1-1%
T - Trace	 -	 .01-.1%
FT - Faint Trace	 - .001-.01,
VF - Very Faint	 - .0001-,;0Ol%
VVF - Very Very Faint - Less than .0001%
1 - High
2 - Loki
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FIGURE 2. SULFUR VS TEMPERATURE FOR THE CONVERSION
OF OXALATES AND FORMATES TO OXIDES By HEATING
THREE HOURS IN AIR
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Figure 3 shows the effect of time at temperature on sulfur
content. Only the oxides containing Th02 were analyzed
as we assumed the CaO-containing oxides would behave
similarly. Again, a low limit of 20-30 ppm is reached
for the 900 and 1200°C firing temperatures. If the time
at 700°C were continued, that range might have been reached.
At 300°C there is an apparent increase in sulfur; however,
this is due to a concentration effect as the oxalates con-
vert to the oxides.
Carbon vs conversion temperature is shown in Figure 4 for
both oxalates and formates and the results are the same
for both starting compounds. Carbon in the oxides fired
at 800°C and above was less than 50 ppm. Th0 2 crystallite
size and the physical properties of the oxide are shown
in Tables III and IV. Thoria size increases rapidly with
conversion above 800°C, to 5001 which is the upper limit
of accurate size detection by the X-ray diffraction
technique.
The specific surface and particle size measurements of
Tables III and IV show that particle growth or agglomeration
became rapid at and above 900°C. These metal powder
changes begin at about the same temperature range as the
Th02
 growth but are not necessarily related.
The effect, of conversion temperature on the Th0 2 size
and dispersion was also investigated using electron
metallography. Powders for which conversion temperature
was the only variable were compacted, sintered, and
then further densified by heating to 1325 °C in hydrogen
and rolling in air to about 40% reduction in thickness
in these passes, Details of the metallographic technique
are given in Appendix III (p. 120).
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TABLE III
EFFECTS OF C ONVERS ION TEMPERATURE ON PHYSICAL PROPERTIES
AND Th02
 SIZE
Matrix + 2ThO2
Conversion FSSS (a) BETpec i is Resultsvg.	 is . Th02 Size (b) BulicTemp. Surface
-• Den_ sits
°C microns m2/gram microns A g/cm3300 1.6 9•? 0.12 ND(c) o.47
400 1.95 6.7 0.17 ND500 1.60 16.1 0.07 ND600 2.0 27.4 0.04 RD --
700 1.60 15.9 0.07 ND
800 0.85 5.5 0.21 400
goo 0.95 4.2 0.27 400 --
1000 1.9 2.2 0.51 500 0.641100 3.8 0.15 7.4 500 0.881200 6.5 __ __ 500
Matrix + Ca0
500 1.75 14.6 0.08	 ND 0.69600 1.95 15.3 0.08
	 ND 0.58800 1.45 8.8 0.13	 ND 0.57
(a) FSSS - Fisher Sub-Sieve Size
(b) 500. is upper limit for X-ray crystallite-size
measurement.
(c ) ND - not detected
-14-
TABLE IV
EFFECTS OF CONVERSION TEMPERATURE AND TIME
ON PHYSICAL PROPERTIES AND ThO2
 SIZE
4
Matrix 2T_O2
9ET"Results
Conversion
Temp.
Time FSaS (a) Specific Avg.Dia, Th02(b) Bulk
-- Sim Densit
°C hours microns M2 /gram microns . A g/cm3
300 1/2 1 .95 0.26 4.4 ND(c) 0,47
1 1.9 --
--
If 0.47
2 1.75 9.0 0.13 11 0.52
3 1.60 9.2 0.12 "
4 1.07 52.6 0.02 " 0; 46
700 1 2.2 15.8 0.07 ' ►
--
2 1.75 16.6 0.07
3 1.57 15.9 0.07 ^^
--
4 2.25 14.9 0.08
900 1 0.60 6.1 0.18 300
3 0.95 4.,, 0.27 400
--
1000 1;90 2.2 0.51 500 0.64
4 1.91 1.9 0.59 500 0.69
1200 1/2 5.5 1.4 0.80 500 --
1 7.1 0.15 7.6 500
--
2 8.1
--
-- 500 r -
3 6.5 500
4 7.3 0.70 3.6 500
--
j
a^ FSSS - Fisher Sub-sieve Size
b 5001 is upperP  limit for X-ray crystallite size
measurement
(c) ND - not detected
T
IThe ThO2
 size distributions were all similar to that
shown for sample 19624-79-4 in Figure 5. The Th02 sizes
were measured from electron micrographs of the extracted
ThO2
 as shown in Figure 6. Specific data follow.
o Median Th02Sample No. Conversion Temp. , C Sintered Density,9^ Dia. ,
	
19624-79-2
	 1200	 69.3	 210
	
19624-79-3	 300-400	 63.1	 160
19624-79-4	 600	 52.8
	 140
Note the correlation of sintered density with the median
Th02
 size. It is also interesting that the lowest conver-
sion temperature did not give: the smallest Th02.
None of the X-ray data on the oxides converted from the
formates had shown the presence of CaO. This was not
too surprising since the weight of CaO necessary for 2 v/o
in the matrix is only 0.8 w/o, which is probably below
the detection limit of the X-ray measurement.
To provide more information for selecting conversion
temperatures for the formates, samples of calcium formate
were fired in air and examined by X-ray diffraction. The
results are shown in Table V. For samples fired 1-1/2
hours, the conversion to CaO was only about 60% complete
at 700 0C. At 900 °C and above, conversion  was 100% complete.
C. REDUCTION,
1. General
The reduction of mixed oxides which contain chromium poses
special problems. Prior work on Ni-2OCr-2ThO 2 alloys s)
indicated reduction was possible at 1100°C-1200°C in
hydrogen with a dewpoint of about 50°C or less.
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Figure 6. Representative Tn0 2 particles extracted from
Sample 1962+-79-4.
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TABLE V
EFFECT OF CONVERSION TEMPERATURE ON CALCIUM FORMATE
,.
Resultant Compounds
CaCO3 (Calcite)
CaCO3
CaCO3
 (40%), CaO (60%)
CaO
CaO
s
Conversion Te mperature, °C(a)
400
500
700
900
1100
(a) Samples were held at temperature for 1- 1/2 hours.
The applicability of that data to the compositions of our
work was investigated. Oxides of the matrix + 2ThO2 were
obtained by firing spray-dried oxalates in air for three
hours at 800°C. The oxides were reduced in a small
laboratory furnace with an Inconel tube. Free oxygen in
the metal was consistently lowered to less than 0.3% after
four hours at 1100°C in hydrogen (dewpoint, _48 0c). The
Th02 size was 4501 by X-ray diffraction. The matrix
lattice was fee and well alloyed.
The above results were encouraging and additional work was
done to better define the reduction parameters. First the
time-temperature effects were mope completely examined.
Then we checked the effects of powder depth, deagglom-
erization treatments, carbon additions, furnace atmosphere,
and oxide-conversion temperature. Each of these topics
is discussed separately In the following paragraphs.
2. Time-Temperature Effects
Several pounds of the matrix oxalate + Th02
formates + CaO were converted to the oxides
three hours and then refired at 900 °C for tl
The reduction of these oxides was done in a
furnace with an Inconel tube. The entering
point was lass than -500C.
and t-he matrix
at 600 00 for
Zree hours.
laboratory
hydrogen dew-
The weight loss was used as a measure of the reduction.
Based on chemical and crystallographic analyses, we
estimated that the theoretical weight loss for complete
reduction was 27.2% for the matrix + Th02 and 28.1% for
the matrix + CaO. The two values are unequal because of
the different weight percent of Th02 and CaO in the powders.
The weight-loss on reduction versus time data are shown
in Figure 7 for the matrix oxides + 2ThO 2
 and in Figure 8
for the matrix oxides + 2CaO. The results were obtained
at 1000 °C , 1100 °C , and 12000C.
-20-
4The weight loss on reduction versus time data are shown
in Figure 7 for the matrix oxides + 2Th0 2
 and in Figure 8
for the matrix oxides + 2Ca0. The results were obtained
at 1000 °C , 1100 °C , and 12000C.
The data of Figure 7 show the largest weight loss from
the matrix oxides + 2Th0 2
 was only 26.5% compared with
the expected loss of 27.2%. Also, the maximum weight loss
at 1200 0C was less than the maximum loss at either 10000C
or 1100°C. The results for the matrix oxides + 2Ca0 were
similar ( Figure 8) .
The darkened data positions of Figure 7 represent weight
losses obtained from the preliminary work on the matrix
oxides + 2Th02
 as discussed in the preceding Section 1.
Those oxides were converted at 800°C only and the reduction
was done at 1100°C. That reduction was rapid at 1100°C
and the weight loss was nearly theoretical after four
hours.
3. Deagglomerat ion
Agglomeration was sometimes noted and appeared to become
worse as reduction temperature increased. We therefore
investigated the apparent connection between reduction
behavior and agglomeration.
An oxide was reduced for two hours, ground to pass a 100
mesh screen, reduced two additional hours, ground again
and finally reduced four more hours for a total of eight
hours. The results, given in Figure 9, conclusively  show
that agglomeration retards reduction and prevents the
removal of the final  1% of oxygen.
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4. Conversion Temperatures
The effect of conversion temperature on the amount of
reduction after two hours at 1100°C was investigated using
10 CFH hydrogen with an entering dewpoint of less than
-45 °C. The results are shown in Table VI. The lower the
conversion temperature, the more complete was the reduction.
This is again assuming that weight losses of 27.2% and 28.1%
represent approximately complete reduction for the matrix
+ Th02
 and the matrix + CaO, respectively. The conversion
from the oxalates to the oxides at the lower temperature was
not entirely complete, as ;indicated by the higher carbon
levels for those samples. Because of the incomplete
conversion, the percent weight loss is higher than expected
for complete reduction in some cases.
A new lot of spray-dried matrix + 2Th0 2 oxalates, Lot 8643-
33, was used for additional reduction experiments. A small
portion of spray-dried powder was converted to oxide at
350 0C. This was subdivided and a portion was refired at
700°C. The weight losses during reduction are shown in
Figure 10 along with the replotted data of Figure g. Again,
higher conversion temperatures slowed the weight loss.
We det mined the difference in weight loss was not due
to chemic"l composition. Analyses of the oxides prior to
reduction showed 240 ppm carbon in the sample fired at
350 0C and 40 ppm in the refired. sample. The higher carbon
indicates unconverted oxalates, and that accounts for some
but not all of the difference in weight losses after
reduction. Sulfur and phosphorus represent other
-25-
ITABLE VI
EFFECT OF CONVERSION TEMPERATURE
ON REDUCTION OF MATRIX OXIDES + 2Th02(a)
Sample ( b) Conversion % C inNo. Temperature, C Wt.	 oss Oxide
11CCN-3 300 28.7445 06
11CAO-3 300 27.9517
.435
11CCN-4 400 29.2924
.21
11CA0-4 400 26 .1795
.170
11CCN-5 500 28.4268
.068
11CAO-5 500 25.9943 .068
11CCN-6 600 27.8187 .0221
11CZO-6 600 25.4156
.026
11CCN-7 700 26.6730
.0059
11CAO-7 700 25.7189
.01
11CCN-8 800 27.2159 .0034
11CAO-8 800 25.1709
.0041
11CCN-9 900 24.7691
.0040
11CAO-9 900 24.7615
.0042
11CCN-10 1000 24.3003
.0026
11CAO-10 1000 23.9843 .0043
11CCN-11 1100 22.8386
.0011
11CAO-11 1100 21.7526 .0025
11CCN-12 1200 20.2351
.0033
11CAO-12 1200 19.2269
.0015
(a) The dewpoinot of the entering hydrogen was alwaysbelow -45 0C .
(b) The 11CCN samples contain 2v/o Th02 s the 11CaO
samples contain calcium equivalent to 2v/o CaO
l^
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aPotentially volatile species and chemical analyses of
the reduced powders showed the following values:
Sulfur, ppm,
	Phoaphorus, ppm
Fired at 350 0C
	70
	
-X0
Fired at 350 0C and 700 0C	 26	 40
5. Bed-Depth
Because of experiences with tungsten and molybdenum reduc-
tion ,  (1S) we checked the effect of bed depth on the
reduction of the matrix oxides. The results, given in
Figure 11, show the very large: improvement with decreasing
bed depth. The weight of the powder charged to the
reduction boat was used as the measure of the bed depth.
6. Carbon Additions and Furnace Atmosphere
We added various amounts of carbon to partially reduced
powders. The oxygen and carbon results are shown below
for powders which were reduced for two hours at 1150°C in
hydrogen (entering dewpoint less than --50"C). The oxides
had been partially reduced in hydrogen for six hours at
1070°C before the carbon was added.
Carbon Added Residual Carbon .Free 0 2
 by Inert-Gas Fusion
°o	 Ppm_
	
7.75
	 59	 0.25
	
8.10	 210	 0.26
	
8.30	 320	 0.23
Metallographic and Th02 particle size de terminations were
made on the sample which was reduced in hydrogen with 8.1%
carbon added. The sample was sintered three hours at
1350°C in hydrogen prior to examination. Figure 12 (sample
No. 1962+-92-1) is an electron micrograph showing some of
-28-
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the extracted Th02 particles. They are not perfect
spheres as was the case in some of the previous samples.
In some instances, two or more of the particles tended
to sinter together. Also, a significant amount of fine
"Junk" was extracted with the particles. The source or
identity of this "Junk" is unknown. Electron diffraction
was attempted, but, no analyzable patterns were obtained.
The size distribution of the Th02 particles was determined
from measurements made on the electron micrographs and
is shown in Figure 1; (sample No. 1962+-92-1). The median
particle size is about 700$, significantly larger than
that of previously measured samples, e.g. Figure 5. A
compact of the same powders, reduced without carbon
additions, showed a median ThO2 diameter of 21d.
We conclt :led that whale carbon appeared to be somewhat
beneficial to reduction, its deleterious effects on thoria
stability and microstructure precluded its use and further
investigation.
We tried reducing oxides with CO instead of hydrogen, but
no improvement was found. In fact, weight loss measure-
ments showed less reduction when CO was used.
D. DISPERSOID FORM
In all the work with matrix oxides + ThO2 there was no
question about the presence of the thorium as Th02.
This was well established by the X-ray diffraction and
electron metallographic results, which have already been
discussed. However, in the case of the matrix mixtures
to which calcium compounds had been added, we were usually
unable to positively identify the presence of CaO.
-30-
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Figure 12. Electron micrograph of Th0 2 extracted from
ma,r rix + 2 Th02 Sample 1962+-92-1 which was
reduced with an 8.1;) carbon addition.
I
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In many cases a CaMoO 4 phase was found. In an effort, to
detect CaO, we increased the CaO concentration by spray-
drying matrix formates + 6 v/o CaO. After firing in air
at 900°C we again found that calcium was combined as
CaMoO4 . After a 15 -hour reduction at 1200°C, only CaO
was detected. Other reduction conditions 1:4, re not tried.
Formates of the matrix + 6Ca0, with and without the
molybdenum, were prepared. Portions of the formates were
converted to oxides at 300, 500, 700, 900, and 1100°C.
The oxides were analyzed by X-ray diffraction. Samples
of the oxides were reduced for 15 hours at 12000C.
Molybdenum powder was blended into the reduced powder
which originally had no molybdenum and then pellets of
both types of reduced powder were sintered for six hours
at 1350°C. Samples of the reduced powders and sintered
pellets were examined by X-ray diffraction.
The oxides without the molybdenum all contained a few
percent of CaCr04 . There was no relationship between the
oxide conversion temperature and the compounds formed.
The oxides with the molybdenum all contained a few percent
of CaM004 except for the powder converted at 300°C which
contained some CaCr0 4 . No CaCr04 was observed in samples
converted at the higher temperatures. After reduction
CaO was observed with no trace3 of CaCr0 4 or CaMo04.
By X-ray diffraction, the crystallite size of the CaO was
400-5001 in the reduced powder with molybdenum. After
sintering, the CaO pattern was obscured by the formation
of chromium oxides due to an inadvertently wet hydrogen
atmosphere.
Electron micrographs showed that CaO was present as large
particles ranging in size from about 1/2µ to about lOw in
diameter. The presence of CaO was verified in one sample by
electron microprobe analysis. Other indications that the
-33
particles were CaO were, according to Battelle, "The intensity
of the calcium X-radiation, the optical fluore4^ence of the
particles under the electron beam, and their solubility in
water". Complete details of the Battelle work on the matrix
+ CaO are given in Appendix IV.
Because of the above results and previous difficulties with
CaO-containing materials, we decided to work with another
disperLq.oid. We chose Y203 because of its high free energy
of formation. Formate solutions were prepared, spray dried,
and then converted to oxides at 350 0C. Small quantities of
the 350 0C oxide were refired at 550, 750, 950, and 1150°C.
The oxides were reduced for 15 hours at 1200 0C. X-ray
diffraction analyses indicated that Y203 was easily detected
in all powders and that the average crystallite size ranged
from 300-400..
E. CONSOLIDATION
Work prior to this contract indicated that powders containing
a good dispersion of oxide particles do not densify during
sintering s	 To verify that, powders of the reduced matrJ x
+ 2ThO2
 powder were pressed into pellets and sintered in
hydrogen for three hours at 1350 0C. They showed no signifi-
cant densification. The green density and sintei-ed density
were respectively, 50% and 57%. After sintering, the Th02
size was 500. by X-ray diffraction.
As an added check, a portion of oxalates of the matrix +
4ThO2
 was converted to oxide at 350 °C . Another batch was
converted to oxide at 350 0C and refired at 700'C . Both
materials were reduced for 15 hours at 1 14?-^0°C, pressed into
pellets at 30 ksi, and sintered for ?_0 hours at successive
temperatures of 1000, 1100, 1200 0
 1300, and 1400 0C. Small
sections were broken from the pellets for X-ray determination
-34-	 jd
of the Th02 size after five hours and after 20 hours at
each temperature. The density was calculated from the
measured diameter change and the known green density
(50.2%) . The data are shown in Table VII.
If resistance to densification is a measure of Th0 2 ste.bility,
then the dispersion appears to be relatively stable to 1300-
1750 0C. The total exposure at temperatures above 0.85 of the
absolute melting temperature (1160°C, assuming 1410°C m.p.)
was 60 hours. Note that the changes in Th0 2 size occur at
about the same time as the changes in density.
Because of this information and our previous information we
decided that it would be necessary to densify pressed and
presintered billets  by extrusion.
F. SCAM-UP
Prior to proceeding with pilot-scale reduction of the seven
selected compositions, i.e., matrix + 0, 2, 4. and 6 v/oTh02
and matrix + 2, 4, and 6 v/o Y203j we rechecked laboratory
conditions using larger lots and upscaled equipment. Most
of this work was done with a batch, of matrix + 2Th02 oxalates.
The processing conditions were chosen based on the laboratory
results ju:. t described.
Matrix + 2Th02 oxalates were converted to oxides by firing
in air for three hours at 350"C and for three hours at 70000.
These oxides were then used for the initial characterization
of the reduction condi-t-ions in pilot-scale equipment. Because
of the importance of low dewpoint to successful reduction,
we were careful to insure against H2O or oxygen contamination
of the hydrogen
Vie reduced 15 pounds of oxides. The reduction temperature
was 1200°C and the hydrogen flov-v was 100 cfh. The powder in
-35-
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TABLE V°II
Th02
 SIZE AFTER HEAT TREATMENT
Sample No . (a)
—_	 _ 
Heat Treatment Density, %
Measuredr Temp" Calculated
Th02 Size,!ime, ""
CCN-RD-36-1P 3 1350 75 74.7 --
"	 -2P 3 1350 72 69.7 --
CCN -36 -1R 20 goo 50 -- 250-300
" 1000 of
-- 250-300
" 1100 of
-- 250-300
" 1200 51 -- 400
1300 58
-- 500
1400 71 -- 500
CCN -36 -2R 20 goo 50
-- 400
1000 it
-- 400
" 1100 it
-- 400
1200 52 __ 300.
1300 59 __ 500
" 1400 go
-- 400
(a) All samples are composed of the matrix + 4Th02 . The -1P
and -1R samples were made from oxalate converted to oxideat 350 °C anri reduced 15 hours at 1200°C. The -2P and -2R
samples were made as above but the oxides were refired at700°C prior to reduction.
E
44
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,,5.9.ch boat was controlled at 70 grams. The total time of
reduction was six hours. The reduction was done in stages,
oecause the powder was deagglomerated by milling after every
1.5 hours of reduction. The powder was blended and analyzed
after final reduction. The properties, which were similar
to those shown in Appendix II, Tables II-3 and II-4, were
satisfactory and the conditions were established as those to
be used for the fin"! reduction.
IV. PILOT-SCALE POWDER PRODQ T10N
A. SOLUTION PREPARATION AND SPRAY-DRYING
The solutions were all prepared and spray-dried by the
conditions previously described and listed in Table II-1
of Appendix IT.
B. CONVERSION AND RLDUCTION
All spray-dried powders were converted to oxides by firing in
air prior to reducing in hydrogen. The air firing was done
in two steps. The first firing for three hours at 35000	 s{
was to decompose the oxalates, or formates, to form the ,f
oxide and to stabilize the Th02 . The second firing, for
various times at 700°C, was to further stabilize the ThO2
and to lower the sulfur content to less than 50 ppm.
	 j¢
Following the air firings, the oxides were reduced in
hydrogen at 1200 `C. Molybdenum boats were charged with 70 g
of powder which was then reduced for 1.5 hours and deagglo-
merated by grinding. The 1.5-hour reduction-deagglomeration
cycle was repeated until the residual oxygen ( that not com-
biped with Th02
 or Y203
 was less than 0.3%. The conversion
and reduction conditions are summarized in Table II-2 of
Appendix II.
v37-
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The reduced powders were analyzed for chemical and physical
properties. The results are shown in Tables II-3 and II-4
of Appendix II.
Carbon and sulfur contents were both low at less than 100
and less than 50ppm, respectively. Nitrogeniand silicon
values were somewhat high. Both were contaminants which were
picked up during air firing and reduction. Phosphorus, while
only analyzed in three powders, was probably less than 50ppm
in all powders.
Physical properties were approximately the same for all
powders except the matrix with no ThO 2 . It had a much larger
particle size. This was expected because of the absence
of dispersoid and thus the freedom for the powder to agglom
erate at the high reduction temperature.
Thoria crystallite size was in the 400-5001x. range as would
be expected from previous reduction experiments. The Y203
crystallite size could not be determined because Y 203 could
not be detected by X-ray diffraction. We suspect that, as
will be shown in the electron metallographic analyses, some
of the Y203
 is combined as YCr03.
The Spectrographic analyses shown in Table II -•4 indicate
that the major impurities are Al. Fe, and. Si.
Prior to pressing and presintering, all powder lots were
blended and screened -• 100 mesh.
V. CONSOLIDATION
A. PRESSING AND CANNING
All powders were isostatically pressed. at 40 ksi to the
desired size. After pressing they were machined close to
final size.
3
p
r^
IThe billets were then sintered in hydrogen, dewpoint less
than -50 °C, for three hours at temperature. After sintering,
each billet was machined to fit snugly into the extrusion
cans. The dimensions of the finished billets were approxi-
mately 2-1/2"D x 511L.
The general procedure for canning was to place the billet
in a mild-steel can and then, after evacuation to less than
25 microns, seal the can by welding. Exact procedures for
all of the operations described in this section are given in
Appendix V.
Data in the pressed and sintered billets and the extrusion
conditions are given in Table II -5 of Appendix II.
B. EXTRUSION
1. E ui ment
All extrusion was performed on a high-speed 600-ton Lombard
horizontal extrusion press located in the Air Force Materials
Laboratory, Wright-Patterson Air Force Base, Dayton, Ohio.(16)
The press specifications are listed below.
Press Specifications
Rated Capacity	 - 600 tons
Pea's Capacity
	 700 tons
Accumulator System
	
-	 3,000 psi
Press Speed	 - 0.25 to 15 IPS
Container Temperature	 - 54C °C max
Container I.D.	 3-1/16 inches
Ram Stroke	 - Approximately
30 inches
,_ _
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2. Billet Conditioning
The canned billets were sandblasted, cleaned with acetone
and heated. in an oven to 75 to 90°C. These billets were
removed from the oven and, while hot, coated with a glass
suspension e.pplied by brushing. The formula for the glass
suspension is listed in Section 3 below. The heat in the
billet caused. the water in the suspension to evaporate
leaving a glass coating 0.20 to 0.070 inches thick on the
billet. The bottom of the billet was 1-aft uncoated. After
coating, the billet was allowed to dry for at least 10
minutes and transferred to the heating furnace.
3. Preparation of Glass Sus ension
1) Heat 375 ml of distilled v;►ater to 400C
2) Add 1 gram of carbopol 934 to heated water and mix
thoroughly.
3) Neutralize the carbopol 934 solution with NAOH solution.
4) Add 400-700 ml of 100 mesh Dow-Corning 0010 glass to
neutralized solution and mix thoroughly.
4. Liner and Die Lubrication
The liner was lubricated by swabbing; with commercial Fiske
604 (calcium-base grease plus graphite). A graphite spray,
DGF, was applied to the inside die surface;
5. Billet Heating and Extruding
The coated billets were transferred to a Pereny "Globar"
element furnace for heating. They were placed directly
into the furnaces which were already at extrusion temperat-urc,
982°C, and allowed to heat for 60 minutes. After the heating
cycle, the billets were transferred manually by tongs to
they
 press container. Transfer time was from 7-13 seconds.
A
z
i-
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A graphite block was inserted immediately behind the billet
and a mild-steel (1018) follower block was inserted behind
the graphite. The billet was completely extruded through
the die opening and the carbon block was part ;ally extruded
to insure that the billet completely cleared the die. The
extrusion traveled through the die and press backup tooling
into a runout tube where a spring decelerator retarded and
prevented the ^;xtrus ion from crashing into the end of the
tube. The extrusion wap air-cooled.
Many extrusion data were obtained with the instrumentation
on the AFML Press. A typical data sheet for a matrix +
6ThO2 extrusion is shown in Table VIII.
All of the billets were successfully extruded at 982 *C at
a ratio of 12:1.
VI. EVALUATION OF EXTR USIONS
A. SAMPLING PLAIN
The extrusions were evaluated for the following:
1. Hardness
2. Density
3. Stress-rupture properties
4. Microstructure
5. Dispersoid size and distribution
6. Chemistry
7. Effect of heat treatment on hardness, micro-
structure and d.ispersoid characteristics.
8. Dispersoid spacing
A sampling diagram for the extrusion is shown in Figure 14.
-^1-
TABLE VII1
TYPICAL EXTRUSION DATA SHEET
TIME
EXTRUSION DATA SHEET
DATE	 166
PURPOSE OF TEST	 Sylvania ( NAB-3-T611)
61Co-20Cr-11Ni -Mo-6TW2
BILLET — Composition
	
Identity	 _.^^..
SERIAL NO. 2002
Weight	 . 8 .7 ---..
n	 n 
x 450Diamister	 2 . 94T	 length	 6	 _ End Shape	  —
BILLET ACCESSORIES — Nose Block 	 Follow Block 3' , 	+ 3" carbon
Jacket steel - evacuated	 Other
CONTAINER — Size (I.D.) 3.072	 Temp . approx 800	 IF Mat'l	 H 12
Condition
	
230
_
DIE — Identity W151 R	 Ratio	 12:1	 Type 000" Rect . Mat'I H12	 Size
Hardness Rc 42	 Facing ZrU2	 No. Time Used	 6	 Temp. appro x 800 eF
Condition Before	 ,Good	 After	 Good
BILLET HEATING — Type Preheat 	 Time	 Temp..°F
Type Final Heat
	
Pereny	 Time .._._ 1 hr '	Temp.
	 1800	 eF
LUBRICANT — Billet Precoat Mat'I 	 Qty.	 How Applied
pan e
Billet Final Mat'I 0010	 City. 0.030"	 Now and When Applied 7/13./§6
Container
	
Fiske 604
Die	 DGF
ACCUMULATOR — Start (psi) 	 3050	 Finish (psi)
BILLET TRA14SFER (Sec) — Fee to Conh	 Cont. to Pros. 	 Total	 8 sec -	 .
HIGH PRESSURE ADMISSION — l S Setting
	 Manual . XX ___	 Automatic
LOAD (Tons) — Maximum 490 (132)	 Minimum 380 (103)	 Bottom
	
660
RAM SPEED — Valve Setting (Turns) 	 1	 Maximum (ips) 2. 25
	Minimum (ips) 1.5
EXTRUDED Bar — length	 38 ..._._.._ Desc. - good ,. . _	 Yield Wt.
	
929
REFERENCES — Photo No. 	 -_. X-Rey No.
	 Spa's
COWMENTS —	 N	 C	 T	 NH-None	 RA-11.0:1
	
1.858	 1.856	 1.857	 SI-3"
	 Kt-55 ksi
	
0.460
	
0.410	 0.4T0
4 ips 'dhart 'speed
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4B. HARDNESS AND DEPSITY
Hardness measurements were made on as-extruded nose, tail,-
and annealed tail samples. The measurements, DPHio-kg, were
made on polished longitudinal surfaces. Densities were
determined, using water immersion techniques, on nose and
tail samples in the extruded condition. The hardness and
density results are shown in Table IX.
Hardness varied with dispersoid and volume loading. However,
after annealing, the hardness for all billets was around 400
with the exception of the matrix + OThO2 which was 328
and the matrix + 6Y203 which was 468.
Densities were typically close to 100% and varied from 97.4
to 100%.
C. STRESS-RUPTURE
Samples were machined by the ;print shown in Figure 15.
They were then tested in an air atmosphere at 1093°C. An
applied stress of 2 ksi was used for all tests. The data
obtained are sho^vn in Table X.
None of the rupture lives were outstanding for the stress-
level used. A general increase in life was seen with
increasing volume loading of dispersoid. The longest;
average rupture life, 9.7 hours, was obtained with the
matrix + 6ThO 2 . Elongation and reduction in area varied
considerably but generally decreased with increasing
dispersoid loading. The data indicate tha'- the alloys
have adequate high-temperature ductility. 'trength improve-
ments should be observed after additional secondary working.
I
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Failure. Hr.
1.3
1.7
1.4
1.4 Avg. 1.4
Elongation,
60
64
52 Avg. 58.5
1999 Matrix + 6 Th0 2
	Tail
2000	 r^
3.999
	 Nose2000
	
rr	 n
18.1
52
6.5 Avg. 9.7
22
'30
20
14 Avg. 21.5
A
Bar
No.
2085
2086
2085
2086,
TABLE X
STRESS-RUPTURE DATA FOR EXTRUDED BARS
Sample	 Time to(b)
Composition^ a)
 Description
Matrix + 0 Th02	Tail
rr
it
rr	 Nosen
Reduction in
_ Area
30
29
29 Avg. 29
1995 Matrix + 2 Th02
	Tail1996	 ►►
3.995	 Nos e
1996	 if	 It
1998 
Matrix + 4 Tha	 Tail
"	 Nose
it
199
9z7
5	 "	 it
1.6
1.0
1.3
0.6 Avg. 1.1
0.70. 4
o.6
0.3 Avg. 0.45
84
128
84 Avg 96.5
18
32
36 Avg. 30.5
47
62
43 Avg , 54. 7
14
15
20
20 Avg. 17.2
18
2:
15 Avg. 14 .5
2087 Matrix + 2 Y203	 Tail	 1.12088	 it	 'r	 4.6	 12	 10
2088	 n	
Nose
	 2.8	 10	 23
3.4 Avg. 2.9	 (c) Avg . 9.5
	
(c) Avg. 13.3
{	 2101 Matrix + 4 Y2o3	Tail	 1.'
2100
	
11	
►► 	 1.2	 32)	 16 )01No
	 1.32100	 "	 "	 1.2 Avg. 1,2	 30 Avg.	 1 5 1
9
7 Avg. 13.0
2113 Matrix + 6 Y203
	 Tail	 5.0	 18	 14
3
2112	 it	 it
	 5.2	 (C)n
2112	
r^	
Nose	 3,$	 10	
11)
9.4 Avg. 6 . ,)	 14 Avg. 15 .0	 7 Avg • 8 .0
^aj All bars were extruded at 982° C by an extrusion ratio of 12
n	 b All samples were tested in air at 1093° C under an applied, stress of2 ksi
i	 (c) Sample oxidized and data could not be obtained
3	 -
{
a3	 -47-
pg
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D. CHEMISTRY
Chemical analyses "re shown in Table. ► XI and XII. Generally
the values corresponded to the desired nominal compositions.
Major impurities were barium, silicon, calcium, and oxygen.
E, METALLOGRA PHY``
1. Matrix + 0, 2, 4 aid 6Th02
A light and electron metallographic evaluation of the extruded
bars was made. A nose and tail section from each as-extruded
bar and a heat-treated (a) tail section from one bar of each
composition was analyzed. Table XIII gives the sample
identification, description, and record of analyses performed.
Details were outlined in Appendix III.
A
Tail samples from one bar each of the matrix + 2, 4, and
6vfoThO2 in both the as-extruded anO heat -treated condition
were prepared for surface replication by initially mechan-
ically polishing on 1-micron diamond on felt using kerosene
as a lubricant.	 This was followed by a final polish on a
"mierocloth" using Linde- "B".	 The samples were lightly
etched by immersion in 30 cc HCl, 10 cc HNO3 s and 30 cc H2O.
The replicas were made from 1.5% Parloidion in amyl acetate
and dry-stripped from the surfaces. 	 They were shadowed with
platinum-carbon from an angle of 45 0 .	 Typical electron
n micrographs of the samples are shown in Figure 16 through 21.
Particle-size distributions were determined for tail samples
s from one bar of each Th02 concentration in both the as-
extruded and heat-treated condition.
	
The heat treatment was
for 100 hours at 1175°0 (0.85Tm) in a vacuum of <1 x 10 -5
torr.	 The measurements were made, as described in Appendix
IV, from extraction replicas (64000X) . 	 The distributions
are shown in Figure 22.	 A definite coarsening of the Th02
n.
(a) Heat- treated in a vacuum of less than 1 x 10- 5
 tort for
r. 100 hours at 1175 0C (0.85Tm)r,:
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(a,) Numbers identify the extrusion. Two billets were extruded for each composition.
SYMBOL RANGE
a _
vVP
.
<1 PPM
VVF+ . 0.5 - 5
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- 0.5
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x
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t
L
S+ 5 - 50
v3 10 - 100
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Figure 16 Typical electron micrographs, 10, 000X, of
Sample No. 23126-1, as-extruded matrix +2 Th02.
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Figure 17. Typical elec-^ron micrographs, 10,000X, of
Sample No. 23126-13, heat-treated matrix
+ 2 Th02.
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Figure 19. Typical el, ^.tron micrographs, 10,000X, of
Sample No. 23126-16, heat-treated matrix
+ 4 Th02.
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Figure 20. Typical electron micrographs, 10,000X,
of Sample No. 2312E-6, as-extruded
matrix + 6 Th02.
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Figure 21. Typical electron micrographs, 10,000X, of
Sample No. 23126-18, heat-treated matrix
+ 6 Th02.
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Condition (a)
AE
HT
AE
HT
AE
HT
Particle Size
Median Mean
220 384
365 493
190 361
175 348
280 522
330 560
Sample Bar
No. No. Composition
23126 - 1 1995 Matrix + 2Th02
23126 -13 1995 Matrix + 2Th02
23126-4 1998 Matrix + 4Th02
23126. 1.6 1998 Matrix + 4Th02
23126-6 2000 Matrix + 6Th02
23126 -18 2000 Matrix + 6Th02
3
can be noted after the heat treatment in the case of the
2 and 6v/oTh02 samples, whereas, hardly any change is seen
for the 4v/oTh02 sam-ple . The values for the median and
the mean particle size are shown below.
(a) AE - As-extruded; HT - Heat-treated
Particle-size distribution curves were also determined for
nose samples from two bars of each composition. Both were
in the as-extruded condition. The distribution curves are
shown in Figure 23. Median and mean particle sizes as
determined from the curves are shover, below.
^'
.ampl %s Bar No. Composition Particle Size...r..r.	 S i z e ,, ^r	 r.
x No. (As-extruded) Median Mean
23126-19 1995 Matrix + 2Th02 160 473	 x
x 23126-20 1996 Matrix + 2Th02 130 270
23126-21 1997 Matrix + 4Th02 110 433
23126-22 1998 Matrix + 4Th02 150
lc
4o9
23126-•23 1999,
 
Matrix + 6Th02 170 413
?3126
-. 24 2000 Magri.. + 6Th02 180 507
There are some differences in the distribution curves for
the different bars of the same composition. Also, comparing
the distribution of the nose samples ( Figure 23) with those`
r of the tail sample (Figure 22) from the same as-extruded
bar, the ` nose sample gives a lower median part:Lc le size
r
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Extraction micrographs, 64,000X, which were uced for the
particle size determinations are shown in Figures 24 through
26. By comparison of the extraction micrographs (64,000X)
with the surface replicas ( 10,000X), it is clearly seen
that many, if not most, of the Th02 particles that are
observed by extraction are not even seen on the #` rfaee
replicas. The large ,particles seen in the surface replicas
are reflected to some degree in the distribution curves;
for example, in Sample 23126 -18 about 5 percent of the
particles counted had sizes greater than 20001.
Light micrographs at 1000X were made of all samples and at
10OX for all samp3as except those which were given the 100-hr
hest treatment. The samples were prepared by mechanically
polishing on 1-micron diamond on felt followed by Linde "B"
alumina on "Microcloth". They were then lightly etched
electrolytically in 10 percent HC1 in ethyl alcohol.
Representative micrographs are shown in Figures 27 through
34.
While grain boundaries are not discernable (we believe the
mater ia ls are extremely fine-grained), the uniformity and
cleanliness of the material can be seen. Also if we assume
that most of the black particles are thoria and not porosity,
then a good dispersion with a certain degree of orientation
can be determined. Obviously, only the larger Th02 particles
are seen and even these appear larger because of the pre-
ferential etching which takes place around the particle.
2. Matrix + Y?0s
A light metallographic examination of the extrusions
containing Y203 was made as described below.
Longitudinal sections were prepared of all the sample
selected for the light microscopy studies. These samples
are listed in Table XIV. - They were me ;allographically
-61-
1.
i
t
yf
y^f
R
Ir •
(a) Sample 23126-1
as-extruded.
1	 •
f
(b) Sample 23126-13
heat treat,ed .
Figure 24. Electron micrographs, 64,00ox, of
matrix + 2 Th02.
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(b) Sample 23126-16
heat treated.
Figure 25. Electron micrographs, 64, 000X, of
matrix + 4 Th0 2 .
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(:i) Sample 23120-6
a.a -extruded .
i 1
.r.
(b) Sample 23126-18
heat treated.
Figure 26. Electron micrographs, 64,000X, of
matrix + 6 Th02.
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Sample No. 23126-33, heat-treated.
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Figure 27. Matrix + 0%, tail section from Bar 2086.
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Sample No. 23126-1, us-extruded.
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10^-CSample No. 23126
-13,
 heat-treated.
Figure 28. Matrix + 2 Th02 , tail section from Bar 1995•
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Sample No. 23126-16, heat-treated.
Figure 29. Matrix + 4 Th0 2 , tail section from Bar 1998 •
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3 ample No. 23126-G, as-extruded.
  
1000X
c
Sample No. 23126-18, heat-treated.
Figure 30. Matrix + 6 Th02 , tail section from Bar 2000.
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Figure 31. Sample No. 23126-32, as-extruded matrix +
0%, nose section from Bar 2086.
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Figure 32. Sample No. 23126-19, as-extruded matrix +
2 T110 2 , nose section from Bar 1995.
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Figure 33• Sample No. 23126-22, as-extruded matrix +4 Th02 , nose section from Bar 1998.
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Tail section
Tail section
Nose section
Nose section
Tail section
100 hr. 1175
10-s
 torr.
as Axtruded
as extruded
as extruded
as extruded
heat treated
C in vacuum
i
TA BLE X IV
YA03_ PERSED SAMPLES STUDIED BY LIGHT MICROSCOPY
1
Specimen No.
2;126-26
23126-27
23126 -3o
23126-31
23126-;5
Bar No. V/0 Y 0
2087	 2
2088	 2
2087	 2
2088	 2
2087	 2
Tail section
Tail section
Nose section
Nose section
Tail section
100 hr, 1175
10-5 torr
as extruded
as extruded
as extruded
as extruded
heat treated
C in vacuum of
23126-37 2100	 4
231205 -38 2101	 4
23126-39 2101
	
4
23126-4o 2100	 4
23126-41 2101
	
4
23126-43
23126-44
23126-45
23126-46
23126-48
Nose section as extruded
Nose section as extruded
Tail section as extruded
Tail section as extruded
Tail section heat treated
100 hr, 1175 C in vacuum of
10-s torr
polished by mechanical methods employing diamond abrasives
followed by fine alumina abrasives. A Number of etching
reagents were used in attempts to delineate the grain
boundaries of these materials; howevor, no satisfactory
etch was obtained.
The grain size of all the samples containing Y 203 was
found to be very fine from the transmission microscopy
studies. We believe that the fine grain size of the
material and the apparent solubility of Y 203 in the matrix
are responsible for the severe pitting that was encountered
in the etched specimens. Because of the pitting, all the
light micrographs were taken in the "as-polished" condition
and at 1000X. These are contained in Figures 35 through 37.
Transmission electron microscopy was the only satisfactory
method by which the Y203 particles could be observed. Nine
samples from the extrusion were selected for examination.
Details of the technique are given in Appendix VI. The
sample discriptions are given below:
Sample No. v/o Y203 Condition
Composition
23126-27 2 As extruded
23126-31 2 As extruded
23126-35 2 Heat treated 100 hr
at 1175 C in vacuo.
?3126-37 4 As extruded
?3126-40 4 As extruded
2316-41 4 Hea c treated 100 hr
at 1175C in vacuo.
23126-43 6 As extruded
23126-45 6 As extruded
23126-48 6 Heat treated 100 hr
at 1175 C in vacuo.
G1
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(a)
Sample No. 23126-26
As Extruded
^	 t
i
E
{
(b)
Sample No. 23126-35
Heat Treated
Figure 35. Tail section from Bar 2087, 1, 000X,
matrix + 2 Y203-
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(a) )
Sample No. 23126-9
as extruded
i
• r
	
'	 •..
(b)
Sample No. 23126-41
Heat Treated
Figure 36. Tail Section from Bar 2101 2 1, 000X,
matrix + 4 Y203 •
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( a)
Sample No. 23126 -44
as-extruded
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•• . • .I • i y	 • ••w,,..	 ..	 •► ; •;•LS• •	 •,
•, a
L am .	 ,i..	 .t ♦. ^•.^`.'7•^
	
•1
•	 / ,,.
	 t '	 • ^/• ^ :•
	
' .. ••. ! ^
	
, ••w	 •tom	 ^.. ••^^N, 
'w' ••,:. .; .
	(b)	 }
Sample No. 23126 -48
Heat Treated
	 {
Figure 37. Tail section from Bar 2112, 1,000X,
matrix + 6 Y203.
-77-
A ♦
Longitudinal sectione approximately 30-mils thick were cut
from each eample and hand-ground from each side on abrasive
papers to a wafer with a thickness of about; 15 mils. Sections
1/8 inch square were cut from these wafers and initially
thinned for ;:he transmission studies by an electrolytic
Jet-indenting technique. By this technique, the sections
were indented from each side to a final thickness of about
3 mile using an electrolyte of 10 percent HC1 in water.
Final thinning of the sections was done by a standard
electropolishing method using an electrolyte consisting of
10 percent perchloric acid in acetic acid. The electrolyte
bath was maintained at room temperature:. During thinning
an intense light source was focused on one face of the
indented section while the opposite face of the section
was observed through a 20X microscope. As soon as perfora-
tion of the section was observed at the base of the indent,
the electropolishing cQ U was shut off, the section was re-
moved from the electrolyte, washed in ethyl alcohol, arid
examined immediately in the electron microscope. Fifteen
to twenty foils of each alloy composition were prepared and
examined during this study. From these, approximately
twenty electron micrographs were made at 30,000X of each
sample. The size of the observed particles was determined
by direct measurement on the micrographs.
In all of the 4 v/o and 6 v/o Y20 3 samples, noncoherent
particles were observed. Representative transmission
electron micrographs of these samples are shown in Figures
38 through 43. The identity of these particles as Y203 was
not confirmed. The average sizes of thi particles in the
4 and 6 v/o Y203 samples are summarized below:
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Average Particle
BMI Sample No.	 v o Y203
	 Size-Microns
23126-37 4 0.4
23126-40 4 0.4
2;126-41 4 0.3
23126-43 6 0.4
23126-45 6 0.2
23126-48 6 0.3
No particles of the type seen in the 4 v/o and 6 v/o samples
were observed in the 2 v/o Y203
 samples, A large number
of small precipitates were observed during examination of
the foils of these samples, but the electron contrast
effects asbbciated with them were quite different from
those observed in the high Y203 -containing samples. It
was also observed that the electropolishing behavior of
the 2 v/o samples was noticeably different from the other
samples
Tilting experiments in the electron microscope indicated
that the particles in these samples might be coherent or
partially coherent precipitates. Figure 44 contains a
series of electron micrographs of an area of Sample No.
23126 -35
 tilted to various angles between each exposure.
It can be seen that there is a dark contrast effect (strain
field around some of the particles in Figure 44a and that
%he particles themselves are very dark (at high contrast).
Upon tilting of the sample, the particles were observed to
become almost totally extinct, as seen in Figure 44d, and
the contrast effect around the parti-cles also diminished.
Further evidence that the particles in this material are
coherent precipitates is shown in Figures 45, 46, and 47.,
Many of the apparent particles in these figures are revealed
by a contrast effect which shows the particles as dark
-85-
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(d)
0 OOOX
Figure 44. Electron micrographs of the precipitate inSample 23126-35, matrix + 2 Y2 0 3 . Thereis a difference in tilt angle between the
micrographs.
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images with a light Lane through their centers. This "Zone
of no contrast" is typical of both coherent precipitates
.and dislocation loops. However, interact-.ons between
particles and dislocations, as can be seen in some of the
Figures, rule out the possibility of loops. Furthermore,
zones of no contrast should be parallel in all precipitate
particles within a sD.ngle grain if the precipitates are co-
herent with the matrix. Although all of the zones of no
contrast are not exactly parallel within a grain, we believe
that there is sufficient tendency for this behavior to
suggest that the particles are coherent.
F. INTERPARTICLE SPACING
One of the objectives of our work was to ,produce an inter-
particle spacing (k) of less than 50001. The problem was
to decide on the method of calculating this spacing.
Calculations can be based on either lane area or volume
relationships as follows:
Xl 3 N
1
ry 1 rrrr^rrw-^^r^r- as(2)
N
X a 
I	
-- --r-----
	---(3)
N
Where N1 , Ns , and Nv are the number of particles per unit
length of a random line through the structure, the number
of particles intersecting a unit area of a random plane
through the structure, and the number of particles per
unit volume, respectively. Only equation (1) can be
given as an equality. The forms of (2) and (3) will vary
depending on the model used to derive the exact relation-
ship. Expressing the equations in terms of the mean
particle diameter, d, and the volume fraction of dispersoid,
f, gives
go
Gt
------
	 (5)
d 2
.f
^s a d
( 61,f
va. d - Tr i(6f
i
I
Various forms of these equations have been used. Fullman(l7)
used a form of equation (4) except he used the parameter.,
P. which is the length of the intercept in the matrix
rather than the center-to-center distance. His expression
is:
P 1	 d ? d \ f - 1^ -- -------- -(7
1	 .10 3
This equat yon, with its variables changed, was also used
by Cremens and Grant: ( l8) Chandrosekhar, as quoted by
Ashby and Ebeling (ze)
 , has expreP­: w.' equations (5) and (6)
as
( 6 f
and	
^v s 0,55+ d 91TH	
..r- -Y..r_-_--
(
More recently Kochs (20)
 has derived an expression
R	 ^
%s	 3.8 d	 ^O)w	 r--__Y-._fir-.r:_--(r^f
based on a next-nearest neighbor consid erat ion and argues
that it is more correct for describing the strengthening
due to the part icles. Kochs ( 21) has compared many of the
equations used by various investigators and has argued that
the Equation
	 ,.
n
r6 f
is probably sufficient for most purposes when strengthening
mechanisms- are considered.
_gl
4I
F _
t;
rr
The relative magnitudes of the equations can be easily
compared. Using f = 0.04 gives for equations (4), (7), (9)
and (11).
( 4),	 al	 16.7 d
(7),
	
Pi	 16.7d-?d3
(9)	 X  = 1.4 d
(11),	 Xs = 3.6 d
Large differences between the two groups of equations, (4)
and (7) and (9) and (11), can be seen. From the standpoint
of considering the true interparticle spacing, equation
(9) appears to be the proper choice. From the standpoint
of strengthening, equation (11) seems a logical choice.
Both equations (4) and (7) state implicitly that the
dislocation would move on a straight line. This is un
reasonbale since the dislocation would be expected to bend
around the obstacles in the slip plane and assume a con-
figuration approximating the true planor spacing of the
particles. For this reason, equation (11) has been selected
for the calculation.
The date, for the mean particle size and correlated inter-
particle spacing is shown in Table XV. The mean particle
size was determined as described in the section on metal-
lography. All of the interparticle spacings are less than
26W..
x
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VII. SECONDARY METALWORKING
A. Procedure
Past work with metals containing a good oxide dispersion
has shown that the deformation -anneal processing of the
alloys greatly influences the mechanical properties. (9-1-3)
Usually, good strengths have been obtained by employing a
series of small deformations below about 0.5 Tm with inter-
mediate anneals at about 0.85 Tm.
The swaging schedul es shown in Table XVI were chosen with
the above information in mind. As shown in the Table, the
variables wwre the annealing time and the swaging temperature.
Frequency of annealing was constant (1200°C between each
10% de f orma t i on) .
4
One bar each of the matrix with 0. S K 4 * ,..and 6 of o Th02
was selected for the swaging. No work was done with the
I matrix + Y202 extrusions because of the poor dispersion.
The nose section of the extrusion wap used for Schedule It	 ,}
the middle section for Schedule II, and the tail section
for Schedule III,
None of the schedules^.	 produced entirely sound bar. Failure
always was characterized by transverse cracking. The
cracking was predominately at the bar ends but sometimes
occurred throughout the bar. Most of the failures appeared
to be initiated at the bar surface.
G
-='	 Because of the poor swaging results, we were not able to
d obtain all of the samples for streee-rupture as indicated
a,	 in Table XVI. Most of the losses were from Schedules II
and III.
w,
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The samples resulting from the three swaging schedules were
evaluated for microstructure (electron + light) and rupture
strength at 1090 °C . Also, samples were heated for 100 hours
at 1185 °C ( 0.85 Tm) in a vacuum of 10 -5 Corr and the
stress-rupture and microstructural properties again
evaluated.
We had intended to use the second bar of each composition
to optimize the swaging process and properties. However,
the results of the evaluation made that impractical, as
will be discussed.
B. Results
m
	 1. Stress-Rupture Testing,
Samples were machined according to the print shown in
Figure 15. All tests were performed in air at 10930C.
Additional test parameters are included in Table XVII, along
with the data.
"A.
The strengths are still low, but
the as-extruded values, Table X.
data, it appears that the matrix
best stress-rupture properties.
the bars which were heat treated
at 1200 °C . A slight improvement
obtained after the heat treatmen,
some improvement over
can be noted. From the
+ 2 vjo Th02 gives the
Data are also shown for
in hydrogen for one hour
in rupture strength was
p
2. Light Metallo ra h 	-
Samples were taken adjacent to each as-swaged stress-rupture
specimen and examined by light microscopy. Both longitu-
dinal and transverse sections were examined. Samples were
metallographically prepared and etched in a solution
consisting of 3 parts HCL and 2 parts HNO3 ._ Micrographs
were taken at 100 and 1000X. Typical transverse and longi-
tudinal structures are shown in Figures 48 through 51.
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Figure 48. Light micrographs of Swaged Matrix + 0 Dispersoid.
Sample No. N-1 -450A Swaged by Schedule I.
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VIII. MATRIX STABILITY
Some microstructures of the swaged specimens showed
what appeared to be a martensitic transformation.
Figure 52 is an example. The dark area is caused by
a knife out which was used to induce the transformation.
X-ray diffraction checks of the powders, the sintered
bil]ete and the extrusions had all indicated a predominantly
fcc structure. However X-ray analysis of an extruded sample
which was heated for 1 hour at 1200 0C showed ,,,95% of the
alloy was hcp. Other such checks verified that the trans-
formation occurred during heating and swaging for all of
our alloys.
The deg .rae of the transformation was surprising in view
of the prevalence of metallurgical thought that L-605 is
an fcc alloy (s) . However, our alloy was not strictly
an L-605 composition since we had substituted Mo for W
and added Th0 2 . Also several minor constituents were
intentionally left out of our alloy, such as silicon, iron
and carbon.
A literature search was undertaken to determine the causes
of the instability and to determine whether or not we
could reasonably correct the situation. We found that the
fcc-»hcp transformation in L-605 has been know to occur in
commercial material. (22) Iron is sometimes credited with
stabilizing the fcc phase^ 23)
 Several authors reported
on the possible embrittlement of L-605 by carbides ( 2 2P23)
or a precipitated Laves phasef23)
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Figure 52. Example of martensitic transformation in
matrix + 2 Th02.
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F	 .
/We decided to experimentally examine tho effect of
iron, molybdenum, and tungsten on the L-605 composition.
Therefore we prepared arc-cast buttons as follows:
1) Co-20Cr-15W -10NI
2) Co-2OCr-15W-lONi-1Fe
i) Co-2OCr-llNi-8Mo
4) Co-2OCr-llNi-8Mo-7Fe
Composition 1) is the standard L-605 while 2) is similar
except with iron added. Our matrix composition wlchout
the dispersoid is 3) and iron was added to it to get 4).
Prior to examination by X-ray diffraction, the cast buttons
were homogenized by heating In hydrog.n for 50 hours at
1250°C. The homogenized buttons were then examined by
diffracting an X-ray beam on a mechanically ground surface
and on an eiectropolinhed surface. After this, the buttons
we: a hot rolled at 1200 0C to a total thickness reduction
of 40%. They were then re-examined. FJ nal ly, the buttons
were cold rolled at room temperature to an additional 40%
thickness reduction. No anneals vrere given to the sample
during cold rolling. The cold-rolled buttons were examined
on only an a lec tropol *i.shed surface. The results of the
X-ray diffraction analyses are given in Table X%'III.
The most significant result is the effect- strain has on
promoting the fce-hcp transformation. In the fully
annealed and completely strain free condition (II) , all
the compositions  are 100% fee. Note that the fee-hep
transition is most obvious after meehani.cally polishing the
sample surface. Hot rolling 40% causes some transfo^ mat ion
and cold rolling 40% resulted _n 20% hcp in all the
compositions.
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We can conclude from this work that the L-605 composition
to inhereently unstable when strained. The instability
appears to be slightly more pronuunced when molybdenum
is substituted for tungsten. Our results showed no benefit
from iron.
IX. DISCUSSION
From the brief work with this alloy in wrought form, it
is apparent that it was notthe most desirable to use for
an investigation of the effects of a dispersed phase.
The results of our work and the literature show that the
composition of any cobalt alloy hafi^ 'o be chosen very
carefully if complicating experimenli;al problems are to be
avoided. These complications are primarily the fee- ►hcp
trv%ns it ion and the formation of laves and/or sigma phases
There is a fair amount of technical literature des^;ribing
the effects of temperature, composition, microstructure
and dispersed phases on these compositions. (22 -29)
Despite the available literature, we recommend that any
future choice of composition be based on a careful
experimental evaluation of composition. Too little is
known about ti 3 strengthening mechanisms and the metal-
workin6 of oxide-strengthened alloys . t-o further complicate
the s tuation with othe-r
 phenomena,
Because of the existence of such complications with our
composition, we decided against further investigation.
There were insufficie it funds available to explore new
compositions in any detail.
-lo6:.
APPENDIX I
CHEMICAL PROCEDURES AND RAW MATERIAL" ANALYSES
PREPARATION OF CHEMICALS AND RAW MATERIALS
In addition to the basic raw materials described in Table I-1
we used reagent grade thorium nitrate, yttrium oxide, and
calcium oxide. Described below are the procedures used in
making the intermediate chemicals, which were in turn used to
make the final solutions for spray drying.
1. Cobalt formate, oxalate, and carbonate.
a) Cobalt formate was prepared by dissolving cobalt nitrate
in ammonium carbonate and then adding formic acid. This
formed a complex cobalt formate solution.
b) Cobalt oxalate was prepared by dissolving cobalt nitrate
in ammonium carbonate and then adding oxalic acid to
precipitate cobalt oxalate.
c) Cobalt carbonate was prepared by dissolving cobalt nitrate
in ammonium carbonate and then adding additional ammonium
carbonate to precipitate cobalt carbonate.
2. Nickel formate, oxalate, and carbonate
These chemicals were prepared the same as their equivalent
cobalt chemicals.
3. Chromium carbonate and acetate.
a) Chromium carbonate was prepared by dissolving chromium
nitrate in ammonium carbonate and then adding additional
ammonium carbonate to precipitate chromium carbonate.
b) Chromium acetate was prepared by adding acetic acid to
a chromium nitrate-ammonium carbonate solution. This
formed a complex chromium acetate solution.
I
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TABLE I -1
CHEMICAL ANALYSES OF BASIC RAW MATERIALS
Cobalt •Nickel um	 MolybdenumChromi
Nitrate Nitrate Nitvate	 Trioxide
Mc Gean Mc Gean McLean	 Sylvania
Supplier Chemical	 Chemical Chemical
P 38 ppm 37 ppm 39 ppm
S <20 ppm <20 ppm <20 ppm
Ag VVF
Al VF VF VF+	 <10 ppm
Ca VF+ VF'+ VF+	 < 2 ppm
CO VS FT
Cr VF VF VS	 < 6 ppm'
Cu VF VF VF+	 < 4 ppm
Fe VF+ VF+ T	 < 8 ppm
K 11 ppm
Mg VF VF+ VF	 3 ppm
Mn VVF VVF VVF	 < 2 ppm
Mo VF VF VF+
Na < 5
p
ppm
Ni ST VS FT	 < 4 4ppm
Pb < 5 ppm
Sn < 6 ppm
Si VP VF+ VF	 7 ppm
The Following elements were sought but not detected:
Blank spaces (except K and Na), As, B, Ba, Be, Bi, Cd,
Ge,	 P, Sb, Sr, Ta, Th ., Ti, W, Zn, V
SymboX Range Symbol Range
IRrF <1 ppm T 0.01-0.1
VVF+ 0.5-5 Ppm T+ 0.05-0.5%
VF 1-10 Ppm ST 0,1-1
VF+ 5-50 ppm ST+ 0.5-5
FT 10-100 ppm S 1-10
FT+ 50-500 ppm S+ 5-50
VS 10-100b
_	 _	 _..........: x'.--H. ^,.. ^.-.u., ^»._:_.....::.^,....., nom.,,.-:«-s -^-...^•,ds. ..,	 ,......	 _.,;_,_
4 . Molybdenum formate
a) Molybdenum formate was prepared by dissolving molybdenum
trioxide in ammonium hydroxide and then adding formic
acid. This formed a complex molybdenum formate Solution.
5. Thorium nitrate, yttrium nitrate, calcium formate
a) Thorium nitrate was purchased as reagent Grade material
and was readily soluble in all solutions.
b) Yttrium nitrate was prepared by dissolving yttrium oxide
in nitric acid and crystallizing the solution.
C) Calcium formate was prepared by dissolving calcium oxide
in formic acid to form the calcium formate solution.
PREPARATION OF SOLUTIONS USED FOR SPRAY-DRYING
Procedure 1: Formate solution of Co-20Cr-llNi- 8Mo -6v/aCaO
Formates of cobalt, nickel, and calcium and chromium acetate
were dissolved in water. The molybdenum trioxide was dissolved
in ammonium hydroxide and converted to the formate with formic
acid. After the molybdenum addition to the initial solution,
the solution was filtered and spray-dried.
Typical proportions of raw materials:
Cobalt Formate
	 - 4.3 kg
Chromium Acetate
	 -- 2.6 kg
Nickel Formate	 - 0.8 lcg
a	 Molybdenum Trioxide 	 - 0.27 kg
Cale ium Formate 	 4.2 g
'.mmonium Hydroxide
	 -- 2.3 liters
Formic Acid	
- 2.3 liters
Procedure 2a: Formate Solution of Co-20Cr-llNi-6v/oCaO
Carbonates of cobalt, nickel, and chromium, along with calcium
formate were dissolved in water. Formic acid was then added
and half of the solution was spray-dried.
Procedure 2b: Co-20Cr-IlNi 8Mo^-6v. oCaO
Molybdenum trioxide was dissolved in ammonium hydroxide and
added to the remaining half of the procedure 2a solution. The
solution was then spray-dried.
I,
Typical proportions of raw materials:
Cobalt carbonate	 - 30.0 kg
Nickel carbonate	 - 6.5 kg
Chromium carbonate 	 - 19.0 kg
Calcium formate	 - 0.38 kg
Molybdenum Trioxide	 - 0.32 kg
Formic Acid	 - 28.5 liters
Deionized Water
	
- 380.0 liters
Procedure 3: Oxalate Solution of Co -20C-•-l lNi-8Mo-2v/oThOe
Cobalt oxalate, nickel oxalate, chromium acetate, and molybdenum
trioxide were dissolved in a heated solution of ammonium hydroxide,
oxalic acid and water. After adding the thorium nitrate, the pH
was adjusted from 9.2 to 5.2 with oxalic acid. The solution was
then spray-dried.
Typical proportions of raw materials:
Cobalt Oxalate -	 6.8 kg
Nickel Oxalate -	 1.6 kg
Chromium Acetate -	 4.3 kg
Thorium Nitrate -•	 0.19 kg
Molybdenum Trioxide -	 0.55 kg
Oxalic Acid -	 45.4 kg
Ammonium Hydroxide -	 95 liters
Deionized Water -- 190 liters
Procedure 4: Oxalate Solution of Co-2OCr-llNi-8Mo--ThO2
Cobalt oxalate, nickel oxalate, molybdenum trioxide and thorium
nitrate were dissolved in a heated solution of ammonium hydroxide,
oxalic acid and water. Chromium carbonate was dissolved in 50%
acetic acid and added to the above solution. The solution was
then spray-dried.
-1:12
ITypical proportions of raw materials:
Cobalt  Oxalate -	 21.0 kg
Chromium Carbonate -	 35.0 kg
Nickel Oxalate -	 4.1 kg
Molybdenum Trioxide -	 1.35 kg
Thorium Nitrate -	 0.54 kg(for 2 v/oTh02 )
Oxalic Acid -	 107.0 k^;
Ammonium Hydroxide =	 91.0 kg
Acetic Acid -	 57 liters
Deionized Water -	 45.5 liters
Procedure 5: Formate Solut:i.on of Co-2OCr-llNi- 8Mo -Y20t
Cobalt carbonate, nickel carbonate, and chromium carbonate were
dissolved in heated water. Formic acid was added and the molyb-
denum trioxide was then dissolved in the solution. Yttrium oxide
was dissolved in nitric acid and added to the solution which
was then spray-dried.
Typical proportions of raw materials:
Cobalt Carbonate -	 46.0 kg
Chromium Carbonate -	 26.8 kg
Nickel Carbonate -	 8.2 Icg
Molybdenum Trioxide -	 1.36 kg
Formic Acid -	 57.8 kg
Yttrium Trioxide -	 0. 4 1 kg
( for 2v/o Y203_)
Hot Deionized Water -	 850 liters
-113-
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ANALYSES FOR MAJOR LOTS OF MATERIAL PRUCESSED DURING
CONTRACT
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GENERAL
Initially, the following; samples were used to investigate
various techniques for preparing the metallographic specimens.
Sample No. 19624-8- 1. - This sample had been sintered to
approximately 90% cf the theoretical density. The
nominal composit ion was 61.0'o-20Cr-11Ni- BMo plus 2 volume
percent Th02.
Sample No. 19624a-8-2. - This sample was a green compact,
pressed at 30 2 000 psi to approxima tely 55 -60% of the
theoretical density. The sample had a nominal composition
of 61Co-20Cr- llN1- 6Mo plug  2 volume percent Th0 2
 .
Work to develop and evaluate metallographic techniques was done
on Sample No. 19624-8-1. A number of techniques were investi-
gated including light microscopy, electron microscopy employing
surface replicas, extraction replicas, shadowed extraction
replicas, replication and extraction of :identical areas, and
direct transmission. Also, attempts were made to separate
the Th02
 particles from the matrix and then examine them
by electron microscopy. The results of each of these techniques
are described separately.
Li„  „ht^Microsco2y
Sample 19624-8 -1 was initially polished using a mechanical
technique. The method involved preliminary grinding, initial
polishing with medium diamond paste (1 micron particle size)
on a felt metallo ra hie oli [all in cloth and final oliah irkg_ p	 p	 g	 1^	 g
with Linde "B" (0.01 micron Al203) abrasive on a Buehler
Microcloth. After evaluating a number of etchants, a swab
etch with 3 parts HC1 and 1 part HNO 3 (aqua regia) was found
i
most satisfactory. Figure III-1 shows light photomicrographs
--121-.
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xof the sample at 10OX and 1000X. Few of the Th02 particles
are resolved at 1COX. Most of the particles are seen as the
gray background in the structure. Some of the particles are
resolved at 1000X, but the smallest particles that can be
p
seen and measured are about 0.01 inch on the photographs and
are actually 0.00001 inch (2500 A) in the sample.
Surface-Replication Electron MicroscoRy
Replicas for higher magnification electron microscopy examina=
tions of the particles were made after electropolishing the
samples. After investigating a number of techniques, it was a
found that a satisfactory electropolish could be atta ined using
a 5% solution of HC1 0 4 ) in acetic acid. The current density
was about 0.1 amp/cm2 and the solution was maintained at room
temperature. Replication wa&; done by a standard two-step }
plastic-carbon technique, using 0.002-inch cellulose acetate
sheet for the primary replicas. The replicas were shadowed
at 45 0 with platinum-carbon followed by evaporation of a thin
layer of carbon norraa 1 t o the surface. The plastic was finally
dissolved in vapors of acetone. Figure III-2 contains
representative p lectron micrographs of the replicas. As a . n
be seen, a few of the Th02 particles, shown as the dark spots
in the micrographs, were extracted by the replica. The smallest
E
particles that can be seen and measured by this replication
technique are about 300 ^.
	 I
Extract ion-Replication Electron Miccr_ossccopy
Since particles were observed in the plastic-carbon replicas
that were just barely resolvable, it was fe-It that smaller Th02
particles were present in the sample and, therefore, a technique
with higher resolution was attempted. This technique involved
extraction replication. The sample was electropolshed in the
5% HC10 4 in acetic acid s olution: and then a th in layer of
carbon was vapor deposited on the sample surface. The deposited
carbon film was scored into 1/8" squares and removed from the
122-
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Figure ILI-1. Light micrographs of SampleNo. 19624-8-1.
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Figure III-2. Electrun micrographs of Th0 2 part I cles in
Sample 19624 -8-1 as observed by two -stage
plastic-carbon replication technique.
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Figure III-3. Extraction replicas of Th0 2 particles in
Sample 1962+-8-1.
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surface of the sample by additional electropolishing. The
resulting replicas were washed in distilled water and collected
on specimen screens for examinat ion in the electron microscope.
Figure III contains electron micrographs of the extracted
rr
particles. As can be seen, the particles have a wide range of
size, and many of the extracted particles are smaller 'han
those resolved using the plastie-carbon replication technique.
The full resolution of the electron microscope (about 10 k)
can be utilized in examining the extraction replicas. Th02
particles were observed in some of the replicas as small as
30 k, with many of them b eing less than 300 .^ ( the
approximate resolution of plastic-carbon replication) . It was
possible to confirm the identity of the extracted particles
as Th02 by electron d4iffraetion.
Shadowed Extrac tion - Repl eas
a technique involving preshadowing the particles before l^*
extraction was investigated in an attempt to confirm or reject
this belief.
The sample was initially electropol.ished, Then the surface was
shadowed, with platinum-carbon from an angle of 45 0 followed
by deposition of a thin layer of carbon normal to the surface
This deposited film was removed from the sample surface by
electropolishing after which it was washed, placed on a
specimen screen, and examined in the electron microscope
Figure II1-4 contains electron ta"icrographs of the resultant
replicas. Using this technique, all of the Th0 2 particles
-125-
s
There was some concern at the time that the particles that
were extracted from the sample did not represent the true
distribution of particle sizes. It was felt that many of the
smaller particles are extracted even though they were not
present on the original polished surface. For this reason,
that were originally present on the electropolished surface
should have shadows whereas those that were not should have
no shadows. It is evident in the electron micrographs that
there are many particles on the replicas that do not have shad.
ows. Quantitative evaluation of size distribution and inter-
particle spacing would be possible if only those particles that
are shadowed were used. This type of evaluation is limited
by the fact that the deposition of the platinum-carbon layer
had increased the observed diameter of the particles. This
would be particularly significant in the measurement of the
smaller particles.
Rep lication and Extraction of Identical Areas
In an effort to further develop a technique for quantitatively
describing the size and distribution of tho ThU2 particles
it was decided to attempt replication and extraction of identical
areas in the sample. This was accomplished by first replicating
an eleetropolished surface by the tworstep plastic method.
KrAoop mierc`zardness impressions had been made in the sample to
',locate a specific aitea for the replication, After replication
by the plastic, a shadowed extraction ,aplica was made of the
same area by the technique previously described. Identical.
areas on both types of replica were located in the electron
microscope and photographed, Figures III-5 and 111-6 show
micrographs of the same area in each replica. Upon careful
comparison of the micrographs of the two replicas, it can be
seen that most of the particles that were replicated by the
two-step rlastic method were shadowed by the platinum-carbon.
Most of these particles were extracted in the carbon replica,
but, in addition, many particles that were not shadowed and
cannot be seen in the plastic replica were also extracted.
Numerous identical areas have been studied and they all confirm
th	 b'	 4.4
k
ese o serve:. on®.	 ^
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Figure III-4. Shadowed extraction replicas of Th02
particles in Sample 19624-8-1.
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Figure III-5. Two stage	 Figure III-E. Shadowed
plastic-carbon	 extraction
replica of	 replica of
Sample 1962+-	 same area as
8-1.	 shown in
Figure III-5.
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Transmission Electron Microscopy
A further technique, tramsmiss ion eleccrcn microscopy, was
examined as a means of examining and quantitatively describing
the papt i c les . A few thin wafers ( 0.015-0.020 inch thic k)
viere sectioned From the eample for these studies. The wafers
were then thinned by a jet technique. The wafers were ,het
indented frcm one face to a thickness of about 0.003 inch
using a solL:tion of 10% HNO 3 in distilled water. The indented
wafers were then final thinned electrolytically in an electrolyte
of 5% HC10 4 in acetic acid. Although cnt^.rely satisfactory
thinned samples were not prepared, primarily because of the
porosity in the sample .  It is possible to observe particles
by this method. Furthermore, the full resolution of the
c lec tr^n microscope can be utilized with this method.
Dissolution of Matrix
Since there remained many questions with regard to how to 	 I
quantitatively evaluate the various replication methods for
Th02 particle- size dis trIbution, a technique was attempted
which was felt would privic'e a sample containing a true
representation of the ac coal particle-S.Lze distr Lbution . This
teeni.que involved dissolving the matrix and collecting the free
particles. It was found, after numerous attempts that the
matrix c.^uld be satisfactorily dissolved electrolytically in
10% HNO 3 . The particles, which were n')t attacked by the HNO3,
were: repeatedly washed to distilled water and finally in alcohol.
A sample of the alcohol solution, c f ^nta .ning the particles, was
sprayed c,n carbon substrates by means ;f nebulizer and the
resultant samples were examined in the electron microscope.
Figure III -7 contains electron micrographs if the particles.
As can be seen, there is a wide range of particle sizes in the
sample.
a
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Figure III - 7. Electron micrographs of Th0 2 particles
in Sample 1962+-8 -1 after dissolution
of the matrix.
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The technique of dissolving the matrix electrolytically in 10%
HNO3 and collecting the freed Th02 particle was used as a
standard for comparison of other techniques since it was felt
that the dissolution technique would provide a true sampling
of particle sizes. Electron micrographs of the ThOe particles
from samples prepared in this way were taiten and printed at
a magnification of 12$,000X. The particle diameters were
measured on ,the prints with a scale divided into 0.01 inch
increments. These measurements; then,provided an accuracy of
approximately ± 10 0A units which , is close to the resolution
of the microscope. The number of particles in each size
range (each range being 20 101.) were counted and plotted ab a
distribution curve as shown in Figure 111-0. A total of 1584
particles were measured to determine the curve. As can be
seen from this figure, the meCian diameter of the Th0 2 particles
is 240 A units. From a summation Qf the nambc r of particles
in each size group, the average diameter of the Th02 particles
was found to be 370 angstr= om unite.
Shadowed Extraction-Replication
Electron Microsc(: M	 1
The shadowed extraction replicas described previously were also
measured for particle-size distribution. Two measurements were
made from these replicas. The shadowed particles were measured
separately and the total of both the shadowed and unshadowed
ones were measured. Prints at 128,000X were used for these
measurements. Figure 1II-9 is the distribution curve for the
shadowed particles and Figure III-10 is the distribution curve
for both the shadowed and unshadowed particles. As can be
seen, the distribution count which included both shadlowed and
unshadowed particles (Figure III-10) is essentially identical
to that obtained by the matrix dissolution technique. The same
median particle diameter of 240 angstroms was determined,
-130-
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The distribution curve for only the shadowed particles (Figure
III-9) is somewhat different from that obtained by dissolution
and by the total of both the shadowed and unshadowed particles.
The curve is skewed in the direction of larger particle sizes.
We believe there are several factors which contribute to these
differences including (1) The matrix around the particles
initially exposed on the electropolished surface was not flat
but rather most of the particles were found to be sitting on
top of a raised hill of matrix metal. For this reason, the
replicas did not have good resolution and, theref orc, the smaller
particles were difficult to distinguish. (2) Some of the
particles on the surface were lost during electropolishing
and, there fore, the ones ].eft on the surface probably did not
present a representative sample of the particle sizes. The fact
that many were lost, .-jr not recognized as particles, was con-
firmed by the number of particles counted. It was calculated
that 390 shadowed particles should have been observed on the
prints measured. This number was calculated using an average
particle size of 370 angstroms as determined by the matrix-
dissolution method. Only 1.30 particles were counted which sug-
gests that about two-thirds of the particles were either lost
or not recognized. (3) The size of the sample, 130 particles,
probably was not large enough to give a statistically significant
sample.
To determine if the total number of extracted particles counted
on the replicas represented all or only a part of the particles
freed during electropolishing, the thic lkness of the layer that
must have been removed was calculated. This was found to be
430 angstroms which appears to be about the value expected.
Therefore, it is believed that most of the freed particles are
held in the replicas
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Extraction-Replication Electron
Microsc ,2pZ
Electron micrographs were taken on ThOs particles extracted
from the sample in carbon replicas by the technique described.
Thcac micrographs were printed at a inagnif icat:i on of 128, 000X
and the diameters ol" the particles were measured, Figure III-11
is the particle-size distribution curve for the extracted
particles, As can be seen, the euve is essentially identical
to the one obtained by the matrix dissolution method and to
the one determined for both the shadowed and unshadowed extracted
particles.
Surface-Replication Electron
MYY^. \^^.^Y^Y Y hY^^i^Yl .^nYr^^Y^^
Microscopy
Replicas of the sample after mechanical polishing and after
electrolytic polishing wore made to evaluate this method as a
means of determining the Th02 particle size. The technique
used involved dropping a solution of 0, 25% Mowital in
chloroform on the polished surface of the sample. After
this solution was dry, the surface was coated with 1.5%
Parlcdion in amyl acetate. When this was dry, the replica
was mechanically stripped from the surface of the sample and
shadowed with platinum-carbon. The replica, which had been
cut into small pieces, was then placed in amyl acetate and
the thin replicas were picked up on specimen screens.
Electron micrographs of both types of surface polish were
taken and printed at 121,000X. The replicated particles were
measured and the distribution curves are shown in Figures III-12
and III-13. No particles could be measured below 200 angstroms,
however, some were observed smaller than this size and were
counted but not measured. It can be seen that the distribution
curves are quite different from those obtained by the matrix
-135-
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dissolution and extraction techniques. These differences
primarily can be explained by the inability of this technique
to resolve the smaller particles. Furthermore, the values
obtained by replication should be corrected because inter-
section of the particles exposed a diameter which is only
some fraction of the true diameter. Techniques are available
for making these corrections, but it was felt that the effort
required was riot ,his t if ied .
Battelle believe that the quantitative evaluations of the various
methods for determining the particle-size distributions in the
Th02 -disperded damples have shown that both matrix dissolution
and extraction-replication provide reproducible results. The
extraction-replication method is preferred because considerably
less effort is required for this method than for the matrix
dissolution method. The surface-replication method has been
shown to be limited to about 200 angstroms. Since about 40
percent of the particles have been shown to be smaller than
this size, this method is not applicable,
-139.
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iStudies were also conducted with matrix + CaO samples using
techniques developed during the evaluation of ThOe samples.
Initial work was performed on the sample described below.
Sample No. 19624-22. Semple of a sinterod pellet of
61Co-2OCr-llNi-BMo plus 2 volume percent CaO.
A number of metallographic techniques, were used to examine the
sample but none reveled any CaO particles. It was observed,
however, that the sample had a microstructure that was apparently
two-phased, The Th0 2 dispersed samples had a single-phase matrix.
In an attempt to identify the second phase and to determine if
CaO was present in the sample, long-time exposure x-ray
diffraction patterns were made. CaO was not found. There were
some extra lines present in the pattern, but it was impossible
to identify them.
The sample was also analyzed by electron-microprobe analysis
in an attempt to determine if the second phase contained calcium.
Calcium was detected in the sample in small discrete patches
but no correlation between the calcium-rich areas and the micro-
structure was found. Unfortunately, the microprobe does not
have high enough resolution to make, these analyses.
Additional CaO dispersed samples, as described below, were
evaluated for a satisfactory technique to detect and evaluate
the dispersoid.
Sample No. 1962+-77-1. - The powder was fired in air at
1200 0C prior to reduction. It was sintered 4 hours
at 1350 0C. The density was at least 89.5 percent i
f
Sample No. 19624 -77-2; This sample was sintered for
4 hours at 1375 0C. It appeared to have melted during
sintering.
Sample No. 19624-79-1. - The loose powder was obtained
from oxide converted at 300-400 °C. The sample was
sintered 3 hours at 1350°C.
4Metallographic specimen were prepared from all three samples.
Figures IV-1, IV-2, and IV-3 are light micrographs showing
j the observed microstructures. At least four phases have been
seen in these samples. The gray, spherical particles actually
consist of at least two phases, distinguished from each other
3	 by differences in their gray color.
Based, on the x-ray data, it is believed that the lighter gray
phase is CaMoO4 and the darker gray phase is CaO. The dark
phase was observed to be "etched-out" when contacted by water.
There was a wide range of particle sizes in the oxide phases.
I
The rest of the microstructures of the samples consisted of a
eutectic-like phase in a clear matrix. The eutectic-like phase
was not identified but it may indicate that incipient melting
occur.,,ed in the specimens during sintering.
1
Because of the abnormal microstructures in these samples, it
was decided that electron microscopic studies to determine	 v
the particle sizes of the oxides would not be necessary.
Therefore, no further woric was done with these specimens.
Similar characteristics were observed in Sample No. 19624-79-5
described below.
Sample No. 19624-79-5 - The powder was converted at 6000C
and the sample sintered 3 hours at 1350 0C. The density
was 79.6 percent,
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Figure IV-1. Microstructure of Sample No. 19624-77-1.9
matrix + 2 CaO.
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Microstructure of Sample No. 19624-77-2,
matrix + 2 CaO,
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Figure IV-3• Microstructure of Sample No. 1962+ -79-1,
matrix + 2 C a0 .
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l
xThe sample was metallographically prepared and examined by
optical microscopy. Figure IV-4 is a photomicrograph showing
the structure of the sample. As can be seen, it has a two-
phased metallic structure plus several large oxide phases of
varying morphologies. Because of the unusual microstructure,
no electron microscopy was performed.
Five CaO-containing samples, as described below, were prepared
by mechanically polishing with 1-micron diamond using kerosene
as a lubricant. This was followed by a final polish with an
alcohol-alumina slurry on a "Microcloth". It was found that
this technique retained the CaO particles, although they were
considerably roughened during polishing. Representative electron
micrographs of two-step plastic-carbon replicas of the five
samples are shown in Figure IV-5.
The presence of calcium was verified in one sample, No. 19624-
99-1. by electron microprobe analysis. It was not possible
to obtain quantitative analysis due to the small size of the
particles; however, the intensity of the calcium X-radiation,
the optical fluorescence of the particles under the electron
beam, and their solubility in water all tend to identify them
as CaO.
Sample No. 19624-96-4. - Spray -dried from formates without
molybdenum and converted to oxide at 700°C. The oxide
k
was reduced at 1200°C for 15 hours, then blended with
F.	 molybdenum and sintered 6 hours at 1350 0C in H2.
Sample No. 19624-99-1. - Sample converted to oxide at 900°C.
t	 The oxide was reduced 15 hours at 1200°C and sintered
6 hours at 1350°C in H2
Sample No. 19624-99-2 Sample prepared the same as 19624
99-1 e:.ctjpt c onvor'i Qe to ox.ide at 11000C.
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Figure IV-4. Microstructure of Sample No. 1962+ -79-5,
matrix + 2 CaO.
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Figure IV-5- Representative micrographs of CaO dispersed
samples.
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Sample No. 19624-99-3, - Sample prepared same as 19624-
99»1 except molybdenum added after reduction.
Sample No. 19624-99-4. - Sample prepared the same as
19624-99 but converted to oxide at 1100°C.
The three CaO dispersed samples, described below, were prepared
and examined by direct carbon replication techniques. No
dispersed oxide particles were observed in any of the samples.
A carbon extraction replica was prepared of sample 19624-96-1
by the same technique as was used for the Th0 2 dispersed
samples. The only extracted residue obtained was from the
region of large voids in the compact. Electron diffraction
patterne of this extracted material yielded no analyzable
patterns.
Sample No, 19624-96-1. - The compact was prepared by spray-
drying the formates of Co, Cr, Ni, and Mo. The formates
were converted to oxide at 300°C and the oxide was reduced
15 hours at 1200°C and the compact was sintered .6 hours
in H2 at 13500C.
Sample No. 19624-96-2. - Compact prepared same as above
except it was converted to oxide at 7000C.
Sample No. 19624 -96-3. - The compact was prepared from
formates without Mo and converted to oxide at 300°C, The
oxide was reduced 15 hours at 1200 0C then blended with Mo
and sintered 6 hours in H12 at 1350 0C
At this point in the work it was decided between Sylvania and
NASA to do work with another dispersoid No additional metal-
lographic investigations were conducted with the samples
containing CaO.
APPENDIX V
x
A. POWDER PREPARATION
1. The reduced powder is blended for two minutes in a
Henschel-Prodex Model 2JSS blender.
2. The blended powder is then screened -100 mesh,
3. +100 mesh powder is blended an additional two minutes and
again screened -100 mesh.
4. The screened powder is stored under nitrogen until it is
pressed.
B. HYDROSTATIC PRESSING
1. A plastic or rubber mold of desired diameter is Inserted
in a steel support cylinder and filled with powder. The
molds may be long enough to produce a pressing from which
three or four billets can be cut.
20 The mold assembly is given 300 vibrations on an air operated,free falling, platform vibrating machine.
3. The mold assembly is sealed and placed in the compression
chamber of a 50,+00 psi Hayward Engineering Hydrostatic
Press.
40' The powder is pressed at 40,000 psi. Pressure is held
for approximately 30 seconds.
5. After release of the pressure and removal of the assembly
the mold is stripped away and the pressed powder is cut
to the desired length on a handsaw.
C. SINTERING f
1. Thereenpressed billets are then machined on a latheg	 9 p
to a diameter of 2.65".
2. Machined billets are placed into molybdenum boats and
	 }
stoked through a H2 -atmosphere sintering furnace.
i
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3. The billets are presintered for three hours at the
temperature at which their respective powders were reduced.
A hydrogen f low of 100 CFH is used.
4. Billets are then machined to fit tightly into the extrusion
cans.
5. Typical billet data after the various operations are
listed below:
Diameter (in.)
Height
Weight (g)
Density (g/cc)
Green Machined
2.555
5.250
2,430
5.50
Presintered
2.532
5.217
2,426
5.63
Final Machined
2.487
5.000
2.242
5.63
6. Billets are stored under nitrogen between operations.
D, ASSEMBLY AND PREPARATION OF CANS
1. The mild steel, type MT 1020, cans are made as shown
schematically in Figure V-1.
2. After assembly the cans are degreased and deoxidized by
firing in hydrogen for 30 minutes at 6000C.
Before the billets are inserted into the cans the arey	
^	 I
again cleaned by grit blasting with Garnet 60 mesh "Oxide-,
free " abrasive.
EVACUATION AND SEALING OF CANS 3
The presintered billet is machinedto fit tightly into the
can,
The evacuation tube is connected to an argon line and the
billet-can assembly is purged for 30 minutes
t
The argon flow is then reduced and the bottom plate is
welded into place
3.
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4 0 A surface grinder is employed to grind the weld bead so
that it is flush with the surface of the can.
5. The argon pressure is then raibed to about 2 atms.and the
assembly is submerged in water. If any leaks are detected,
they are sealed by welding.
6. Next the argon line is disconnected and the evacuation
tube is connected to a mechanical vacuum pump.
7. After a pressure of <100 microns is reached, the cans
are heated to approximately 400-500 °C . This serves to
degas the assembly.
8. Pumping is continued, with heat applied, until a pressure
of <25 microns is reached.
g. The evacuation tube is heated a point ,.,1" from the can
until nearly molten. It is then pinched off to complete
the seal. The remaining portion of the evacuation tube
is out away and a weld bead is placed over the cut end.
F. FINAL TREPARATION
1. The sealed assembly is then again cleaned as described
in D.3.
2. Finally the assembly is sealed in a polyethylene bag
containing desiccant. This is done to insure the best
possible surface for adhesion of the lubricant.
APPENDIX VI
G
Matrix + 2, 4 t and 6Y203
Since metallographic techniques for these alloys had not been
previously established, a small investigation was conducted.
Extraction replicas were prepared on four of the Y203 dispersed
samples using the perchloric-acetic electrolyte that was used
for extracting Th02.
Extracted particles were found on one of the four samples. This
sample was a heat treated 4 v/o Y203 specimen. Electron
diffraction was performed on the extracted material. The
pattern did not correspond to pure Y203 , but more closely
to YCr03.
Surface replicas were prepared on electropolished surfaces.
The particles in these samples were apparently dissolved during
electro-polishing and none were extracted.
Additional evaluations of various electron metallographic
techniques for examining the samples were made. Transmission
electron microscopy was found to be the most satisfactory
technique and two samples were examined in this way. The
samples are described below.
Sample No. 23126 -26. - Tail sample of Matrix + 2Y203 from
as-extruded bar No. 2087.
Sample No. 23126-42. - Tail samples of Matrix + 4Y203
from heat treated bar No. 2100.
The samples were prepared for transmission microscopy by first
sectioning slices about 0.025 inch thick on a cut-off wheel
These slices were hand-ground on silicon carbide papers to
about 0.015-inch thickness. Pieces about 1/8 x 3/16 inch were
cut from the slices and electrolytically jet-indented from
both sides using an electrolyte of 10 percent HC1 in water.
The indented specimens were electropolished in a 10 percent
HC104 in acetic acid solution until perforation occurred.
-156
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Figures VI-1 through VI-4 contain representative electron
micrographs of the two samples. The Y203 particles can be
seen easily and range in size from about 1001 to 500014
"Alk	
A it
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Figure VI-1. Sample No. 23126-26 -- Tail sample of as-
extruded matrix + 2 Y203 from Bar 2087.
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Figure VT-2. Sample No. 23126-26 -- Tail sample of as-
extruded matrix + 2 Y 2 0 3 from Bar 2087.
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Figure Vi-3. Sample No. 23126-42 -- Tail sample of heat-
treated matrix + 4 Y20 3 from Bar 2100.
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Figure VI-4. Sample No. 23126 -42 -- mail sample of heat-
treated matrix + 4 Y2 0 3 from Bar 2100.
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